Because of successful vaccination programs, endemic poliomyelitis was eliminated from the United States by the mid-1970s. In 1979, after importation of wild poliovirus, the last US polio outbreak occurred in unvaccinated Amish communities, involving 13 cases of paralytic disease in 3 states and subclinical infections in 3 other states as well as 2 cases of paralytic disease in Ontario, Canada [1, 2] . From 1980 to 1997, a mean of 9 reported paralytic poliomyelitis cases occurred annually in the United States [3, 4] . Nearly all were vaccineassociated paralytic polio (VAPP), underscoring the ongoing risk associated with oral poliovirus vaccine (OPV), estimated to be 1 case of VAPP per 2.9 million doses distributed [4] . As the occurrence of wild poliovirus importations declined to only 5 in the 1980s and to 2 in the 1990s [3, 4] , the risk-benefit equation changed in favor of using inactivated poliovirus vaccine (IPV) routinely. From 1997 to 2000, the transition in vaccination policy from an all-OPV to an all-IPV schedule eliminated VAPP in the United States; the last endemically acquired case of VAPP occurred in 1999 [4 -6] .
In addition to causing VAPP, OPV use is also associated with the rare occurrence of genetically drifted vaccine-derived polioviruses (VDPVs) that can circulate in undervaccinated populations (circulating VDPVs [cVDPVs]) or cause persistent infections in immunodeficient individuals (immunodeficiency-related VDPVs [iVDPVs]) [7] [8] [9] . In September 2005, a poliovirus infection in an unvaccinated Amish infant was identified by the Minnesota Department of Health and reported to the Centers for Disease Control and Prevention. The virus was identified as type 1 VDPV. The present report describes the epidemiologic and laboratory investigations and control efforts regarding the first VDPV with community transmission detected in the United States.
METHODS

Index patient investigation.
We reviewed the infant's medical, family, and social history to identify potential sources for exposure to polioviruses. We confirmed the infant's VDPV infection and monitored her for ongoing excretion of VDPVs during treatment of the underlying immunodeficiency, using approximately weekly testing (from late September 2005 through January 2006) of serum samples for neutralizing antibody to polioviruses and of stool specimens for VDPVs.
Hospital and health care investigations and interventions. In October 2005, we conducted investigations at the 4 hospitals (hospitals 1-4) to which the infant had been admitted, to determine whether she had been infected in the health care setting or whether her infection had been transmitted to others. Hospital staff offered IPV to health care workers and patients with recent or ongoing exposure who were not current for polio vaccination [6] . At hospitals 1-3, where the infant had been admitted during July-August 2005, hospital infection control staff reviewed health care worker and patient records to identify contacts. We surveyed contact health care workers and infection control staff reviewed contact patient records regarding relevant recent illness and immunologic status. At hospital 4, where the infant remained hospitalized in October 2005, we surveyed staff who reported exposure to the infant or her environment without the use of contact precautions regarding polio vaccination status, immunologic status, and recent illnesses in themselves or family members. Hospital staff collected stool specimens from potentially exposed staff and from patients who were located in the same medical units as the infant.
To identify other potential health care sources of the infant's infection, we interviewed staff at the 4 hospitals, including pediatric and adult immunologists, to identify health care workers or Amish patients in Minnesota with chronic immunodeficiencies treated since 1 January 2003, and we contacted specialists at 3 internationally recognized Minnesota hospitals to identify foreign-born or foreign-resident children Ͻ10 years old with chronic immunodeficiencies treated since 1 January 2003 or with poliomyelitis-like conditions treated since 1 January 2005. Virus characterization. Polioviruses were isolated by culture in rhesus monkey kidney cells. Poliovirus isolates were initially identified by patterns of neutralization with Lim BenyeshMelnick antiserum pools [10, 11] and were confirmed by neutralization with P1-specific antiserum, diagnostic polymerase chain reaction [12, 13] , and sequencing of the viral protein (VP) 1 region, as described elsewhere [14, 15] . Nearly complete (nt 27-7441) genomic sequencing was performed as described elsewhere [14, 16] . Sequence relationships among substitutions at 2-and 4-fold degenerate sites (closely approximating synonymous substitutions) in the complete open reading frame (ORF; nt 743-7369) of all VDPV isolates were summarized in a phylogenetic tree rooted to the sequence of Sabin 1 inferred by Bayesian Markov chain Monte Carlo analysis using the BEAST program (version 1.4) [17] . The ratio of nonsynonymous to synonymous substitutions (K a /K s ratio) within the neutralizing antigenic (NAg) sites (as defined in figure 3 ) were determined using the Pamilo-Bianchi-Li method [18, 19] as implemented in the MEGA3 software package [20] .
Serologic investigations. Serum samples were tested for levels of neutralizing antibodies to poliovirus types 1, 2, and 3 by means of a modified microneutralization assay [21] . Serum samples were tested in triplicate using serial 2-fold dilutions, starting at 1:8 and ending at 1:1024. The final titer for each serum (re-ported as reciprocal dilutions) was estimated by the SpearmanKärber method [22] .
Informed consent and human subject guidelines. The investigations conducted in the several jurisdictions were exempt from institutional review board review of the respective agencies, because they were determined to be authorized responses to a public health emergency.
RESULTS
Index patient investigation.
The index patient was born in February 2005. Her parents and the patient's 3 siblings were reportedly healthy. The parents had received OPV in 1979. The 3 siblings had received no childhood vaccines. During the spring and summer of 2005, the family visited the infant's grandparents in Wisconsin, and there were visitors to the index community from other Amish communities in Minnesota, Wisconsin, Michigan, and Ontario. No international travel to OPV-using countries by any member of the index community was identified.
During July 2005, the infant had multiple medical visits for respiratory illness and was hospitalized at a community hospital (hospital 1) for bronchiolitis and bacterial conjunctivitis. During August, she had medical visits for failure to thrive, fever, diarrhea, and anemia. Beginning 22 August 2005, she was hospitalized continuously at a regional medical center (hospital 2), a children's hospital (hospital 3), and a university hospital (hospital 4) for fever, irritability, bloody diarrhea, and recurrent infections. She never had paralysis. A stool specimen, obtained on 27 August 2005 on admission to hospital 3, was positive for an enterovirus that was ultimately confirmed to be a VDPV by the Minnesota Department of Health Public Health Laboratory on 29 September 2005.
Severe combined immunodeficiency was diagnosed in the infant at hospital 3, and she was transferred to hospital 4 for bone marrow transplantation on 13 September 2005. At hospital 4, she was kept in protective isolation and treated with intravenous immunoglobulin. After identification of the VDPV, she underwent weekly testing for poliovirus excretion. She responded well to intravenous immunoglobulin but continued to excrete polioviruses until January 2006. 
Community investigations and interventions. The index community included 161 persons (50 adults and 111 children) in 24 families. Fifteen families agreed to be interviewed; 31 stool specimens were obtained from 5 participating families, and 10 serum specimens were obtained from 2 families. There were no cases of paralytic disease or aseptic meningitis in the community. All 3 of the infant's unvaccinated siblings had elevated titers of neutralizing antibody to poliovirus type 1 (range, 227-576) and no detectable antibodies to poliovirus types 2 and 3 (titer, Ͻ8), compatible with recent infection with a type 1 poliovirus. Stool specimens from 4 children in 2 other families were positive for type 1 VDPV; these children included a 14-year-old in family C and 3 children (aged 2, 4, and 14 years) in family D. In total, including the infant, 8 (35%) of 23 children from 3 of 5 families tested had serologic or virologic evidence of type 1 poliovirus or VDPV infection.
In Wisconsin, 17 stool and 8 serum specimens were obtained from 22 persons in 8 families from 4 communities. All stool specimens were negative and all serum samples were positive for antibodies to all 3 polioviruses. In Michigan and Missouri, all families refused to provide clinical specimens. The Amish community investigated in Ontario had 159 members in 24 families. Of these, 41 persons (26%) submitted 36 stool and 41 throat swab specimens for virus isolation. All specimens were negative for poliovirus. Surveillance in Minnesota did not disclose additional VDPV infections or polio-compatible diseases during 2003-2005. Acceptance of IPV among the investigated communities varied widely. In the index community, a history of OPV vaccination was reported for 14 (28%) of the adults and 2 (2%) of the children, and 53 persons in 9 families accepted IPV vaccination (28% of adults and 34% of children). In other Minnesota Amish communities, rates of IPV vaccination ranged from 35% to 100%, but 1 community refused vaccination altogether. In Wis Sequence relationships among VDPV isolates. The first virus isolated from the infant was a type 1 VDPV, differing from the parental Sabin 1 OPV strain at 2.3% of VP1 nucleotides (21/ 906). VP1 sequences of 12 subsequent isolates from the infant and isolates from 4 other children in the community demonstrated that all were closely related VDPVs. Nearly complete genomic sequences of the 17 isolates revealed that all had nonrecombinant genomes. A Bayesian Markov chain Monte Carlo tree [17] was constructed from the differences in synonymous substitutions within the complete ORF sequences (6627 nt) of the 17 isolates ( figure 1) . Under the assumption of a strict molecular clock, nucleotide differences were scaled to time, yielding estimates at the nodes of the tree of the approximate dates of divergence of individual VDPV lineages. These estimates suggested that the initiating OPV dose for the VDPV was administered around early November 2004 (Ϯ7 weeks), ϳ3 months before the infant's birth (figures 1 and 2) . The ancestral VDPV infection common to all community isolates was estimated to have occurred around late June 2005, ϳ8 months after the initiating OPV dose and 2 months before the initial detection of VDPV in the community (figure 2). The sequence relationships among the infant's isolates (figure 1) suggest that her infection was detected soon after VDPV exposure. Although the infant's VDPV diverged into at least 3 separate lineages, the infection common to all 3 lineages was estimated to have occurred in late August, about the time of the ancestral infection linking family D to the infant. The early divergence of the lineage leading to the family C isolate suggests that VDPV circulation in the community was more widespread than indicated by direct virus isolation, because intermediate infections almost certainly would have occurred.
Genetic and antigenic evolution of the VDPVs. Key determinants of the attenuated (G 480 3 A; VP4 65 :Ser3 Ala; VP1 106 : Thr3 Ala) and temperature-sensitive (VP4 65 :Ser3 Ala; 3D 73 : His3 Phe; G 7441 3 A) phenotypes of Sabin 1 [23] had reverted in the VDPV genomes, consistent with the observed loss of the temperature-sensitive phenotype in the VDPVs and suggesting their increased neurovirulence. All VDPV isolates were antigenically distinct from Sabin 1 and had 10 -11 aa replacements in or near the NAg sites ( figure 3 ). The K a /K s ratio within the NAg sites was high (1.17-1.96) for the Minnesota VDPVs, similar to iVDPV isolates from a Taiwanese immunodeficient patient Figure 1 . Bayesian Markov chain Monte Carlo tree [17] showing estimated times of vaccine-derived poliovirus (VDPV) emergence and divergence of VDPV lineages on the basis of the rate of substitution at 2-and 4-fold degenerate sites (closely approximating synonymous codon sites) within the complete open reading frame (ORF), scaled under a model assuming a strict molecular clock with a fixation rate of 0.047 Ϯ 0.011 synonymous substitutions/site/year, as estimated from the data set. Bootstrap values for the branch structure of the tree and estimated divergence dates of major lineages (with 95% confidence intervals in parentheses) are given at the nodes. Isolates that had identical synonymous ORF sequences (index patient isolates 7, 8, and 12) were represented only once in the tree but were included in the substitution-rate calculations.
(1.07-3.04) [16] and unlike the type 1 cVDPV isolates from Hispaniola [29] and the Philippines [30] (0.47-0.52). Only 1 VDPV isolate (from a 5-year-old child in family D) had an additional substitution in the NAg sites (figure 3), indicating that most of the antigenic evolution of the VDPV occurred before introduction into the community.
DISCUSSION
In this report, we describe the first known occurrence of community circulation of a VDPV among an undervaccinated population in a developed country. The virus probably had circulated in the community for at least 2 months before the index patient was identified, and there was significant spread among the families tested. There was no evidence of VDPV transmission and no detection of polio-compatible illnesses in Minnesota or other communities investigated in the United States or Ontario, although the isolates had genetic properties typical of neurovirulent VDPV revertants [16, 29, 30] .
We were unable to identify the source of the initiating OPV dose. Phylogenetic analysis excludes that the dose was given in Canada or the United States, which stopped OPV use in 1995-1996 and 2000, respectively [4, 31] . The absence in the VDPV of recombination and the relatively high concentration of amino acid substitutions in the NAg sites are more characteristic of iVDPVs than of cVDPVs [7] . Thus, we suggest that the original source of the VDPV in this outbreak was an immunodeficient person who was exposed to OPV outside the United States. Undervaccinated populations such as this Amish community are at continued risk for poliovirus spread on introduction and present special challenges for polio outbreak control. Despite confirmed poliovirus infections in their children, Ͻ50% of the index community members accepted vaccination. Fortunately, the risk of spread among the general population of either an imported wild poliovirus or VDPV is low because of high and sustained poliovirus vaccine coverage in the United States.
OPV is the vaccine of choice for polio eradication because of its ease of administration, induction of gut immunity, and spread to unvaccinated persons, augmenting herd immunity [32] . Vaccine virus spread is also the greatest liability of OPV. On replication in vaccine recipients (usually after the first dose) or their contacts, vaccine virus can revert to neurovirulence and cause VAPP [3, 4, 32] . With the global decline of polio to low levels, many industrialized countries have changed their national vaccination schedules from OPV to IPV use [33] .
A more recently recognized problem related to OPV use is the emergence of VDPVs. Where polio control programs succeed in eliminating wild polioviruses but fail to maintain high population immunity, undervaccinated populations become susceptible to transmission of VDPVs (cVDPVs). At least 8 polio outbreaks caused by cVDPVs have occurred in countries in which vaccine coverage was low [7, 8] ; outbreaks have been associated with VDPVs of all 3 serotypes [7] , and it appears that cVDPVs present a similar paralysis risk as wild polioviruses [7, 29, 34, 35] . These outbreaks have been controlled with mass OPV immunization campaigns. The threat posed by cVDPVs can only disappear when OPV use is terminated rapidly after global eradication [33] .
A potential longer-term risk to global polio eradication is the chronic infection of immunodeficient persons with VDPVs (iVDPVs) [8, 9] . Long-term persistent infections have been documented among persons with severe combined immunodeficiency, common variable immunodeficiency, and agammaglobulinemia. Many case subjects have died of their underlying immunodeficiency, and some have spontaneously cleared their infection [36] . One healthy individual with common variable immunodeficiency has excreted iVDPVs for ϳ20 years [37] . The global prevalence of persistent iVDPV infection is unknown, because most such infections are detected only after the infected individual develops paralytic disease. The potential for iVDPV spread is unclear; most long-term excreters are likely to live in developed countries where they survive longer, but most of their close contacts are protected through immunization and repeated boosting by exposure to the virus [38] .
While OPV use continues globally, IPV-using countries should remain vigilant to the potential for importation, chronic excretion, and circulation of wild polioviruses and VDPV in undervaccinated populations and should maintain laboratory capacity for poliovirus identification [8] . Antiviral compounds capable of clearing chronic infections are urgently needed [39] .
Global cessation of OPV use and management of the risks related to polioviruses in the posteradication era, including those posed by VDPVs, will be essential to protect the gains achieved by global eradication of wild polioviruses.
